Abstract -The advantages of PTC for industrial processes are discussed and recent progress in catalysts, methodology and applications is critically reviewed. Various trends and new applications of commercial interest are emphasized.
INTRODUCTION
No new catalytic method in organic synthesis has been so rapidly adopted and applied so extensively as PTC.
Since its introduction by the pioneering work of Nakosza, of Brandstrom and of Starks in 1965-71, publications in which PTC is the focus (Fig. 1 ) have increased at a remarkable pace with some slackening in 1985.
Similarly, the number of different applications for PTC has increased to the point where a "compendium" published in 1979 (ref. 1) lists over 65 different types of organic compounds (from acetals to urethanes) which can advantageously be synthesized by PTC techniques.
In fact, PTC has become one of the most useful weapons in the arsenal of the organic chemist and, more often than not, is the method of choice for processes in which one of the reactants is an anionic species, either added as an alkali salt or generated in situ by a base.
Not only does PTC promote the reaction between reagents which are mutually immiscible (i.e., sodium salts and alkyl halides) but it also, at least for batch processes, offers a number of important process advantages, some of which are listed in Table 1 .
These factors contribute to overall process efficiency in terms of process simplification, equipment size, product and solvent purity and ease of recovery, as well as cost saving by the elimination of the need for the expensive solvents, anhydrous strong bases and oxidants needed as the alternative to PTC.
The rapidly growing PTC patent literature attests to the industrial interest; even if we assume that only 10-20% of these patents are actually practiced, then its industrial impact is currently significant and its potential even more so. 
RC1 + QX
This has stood the test of time and it is clear that the reaction takes place in the organic phase and that the rate is primarily determined by the extractability of the anionic reactant by the PT catalyst.
There remain areas of controversy as to the exact role of the catalyst when the anionic nucleophile is generated in situ by the action of concentrated base on weak acids. However, mechanistic considerations are not our primary interest here; rather, this review will attempt to assess the role of PTC in chemical industry where, for better or worse, primary consideration is given not to mechanism but to utility and economics. The literature has previously been comprehensively reviewed through ca 1979 (refs. 1,3,4) and developments of the past five years will be considered here.
CATALYSTS
The choice of which PTC catalyst to use -quaternary ammonium (Q), phosphonium (QP), crown ether, such as 18-crown-6 (18-C-6) or a polyethylene glycol (PEG), will depend on a number of process factors. These include reaction type, solvent, temperature, base strength and ease of catalyst recovery and removal. If these factors are not decisive, then catalyst cost will determine the choice. Table 2 lists most of the common, commercially available in bulk PT catalysts and estimates the cost for 5 mol % of each. Both the least and most expensive catalysts in Table 2 are polyethers which presumably function similarly as cation complexers.
Where the OH groups of the PEG are detrimental (i.e., for oxidations) their mono-and di-alkylated derivatives are available and can be substituted. Recent work suggests that the PEG's can replace the expensive 18-C-6.
Examples where the former equalled or outperformed the latter With two exceptions, the Q+ remain as the PT catalyst of choice; Q+ are inherently thermally unstable and decompose at temperatures over 90° and are also decomposed by bases stronger than 60% sodium hydroxide. Under these conditions the catalysts of choice are the QP's or polyethers, both of which have greater stability. However, if the reaction is reasonably fast, Q+ may still be preferred, even if replenishment is necessary.
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TABLE 3. Use of PEG's as PT Catalysts
Where catalyst cost is not critical, TBAB, first introduced by Brandstrom, remains the most popular. A recent economic evaluation of Q+t in industrial applications (ref. 25 ) concludes that at a price of $4,500/ton, TBABr is practical even for higher priced commodities. A final decision will depend on the cost of catalyst recovery, usually by aqueous extraction of the organic layer and re-extraction of the Q+ with an appropriate solvent. For TBABr (and perhaps other Q+ as well) a novel process using aqueous extraction and pH adjustment yielded an organic layer containing 92% Q+ which was recycled at least 10 times with no yield loss (ref. 26). Removing the last traces of Q+, usually by ion-exchange, can be difficult and expensive but is often required for drugs and Q-sensitive products. Most of this technology is propietary and little literature is available.
New PT catalysts continue to be reported (1) (2) (3) (4) 
GENERAL APPLICATIONS Polymers
The polymer chemists have enthusiastically adopted PTC and continue to utilize it for various polymer applications including monomer synthesis, polymerization, polymer modification and, in a recent development, free radical catalyst activation. Here we can only touch on recent significant developments.
PTC is particularly well adapted for condensation polymerization and, in fact, was being used for the production of polycarbonates from bis-phenate salts and phosgene even before it was recognized as a PTC example. It is probable that this is the major PTC polymer application today even though the recent literature ignores polycarbonates in favor of other polymers prepared by condensation polymerization of bisphenol-A in aqueous base with organic solutions of various dihalo compounds. These include the production of polyethers by reaction with Percek has reached paper #14 in his studies on aromatic polyethers and derived block copolymers and is currently exploring their This list is by no means complete but is indicative of the activity in this area.
The most significant recent application of PTC to polymer science is in free radical polymerization catalysis as discovered and developed by Rasmussen (ref. 70).
The use of 18-C-6 or a Q+ solubilizes potassium peroxydisulfate, or similar radical-forming Other recent examples include the synthesis of phenylacetylenes (ref. Epoxidation by oxidation with H202 is a fertile new PTC area. This new catalytic 2-phase systen requires both tungstate and phosphate (or arsenate) as the epoxidizing catalyst and a Q or QP for solubilizing the latter in the organic solvent. when all three components are present, epoxidation using dilute (< 10%) H202 becomes extremely efficient and both terminal and internal olefins are epoxidized with 80-90% selectivity on both olefin and 11202 (ref. 101).
this process requires the unsually low pH of <2 for maximum efficiency but apparently is useful even for acid sensitive epoxides. The question of whether or not at this low pH this process is compatible with the Starks mechanism remains to be answered, but there can be no doubt that epoxide production using dilute peroxide has economic potential.
Organometallic
This The use of optically resolved catalysts for the direct synthesis of enantioinerically pure compounds remains one of the major "holy grails" of the organic chemist.
It would seem that PTC is particularly well adapted to this problem and that catalytic quantities of optically pure Q, QP or crown ethers, if present in a chirally discriminating tight ion pair in the transition state, would yield pure enantiomeric products either from prochiral substrates or by kinetic resolution of racemic substrates. The realization of this goal has proven to be difficult and the bulk of the early attempts, using mainly Q+ derived from natural product alkaloids, gave dissappointingly small ee's.
A recent breakthrough has demonstrated the need for carefully controlling the many reaction variables.
Dolling and his co-workers (ref.
114) have successfully demonstrated the first efficient chiral PTC alkylation, the conversion of 5 to 6 in 95% yield and 92% ee using as catalyst 8-R,9-S,N-(p-trifluoromethylbenzyl) cinchonium bromide, 7. Besides the catalyst, the reaction variables which affected the ee and required optimization include the Using resolved Et3NCH2CH(?4e)EtBr as catalyst, c-ivethylbenzyl alcohol was methylated in 50% NaOR/pentane to yield 84% of the R(+) methyl ether with 48% ee, while the recovered alcohol had 40% ee.
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A new type of chiral catalyst has been prepared by quaternization of resolved 2,2'-bisbromomethyl-l,l-binaphthyl with (-)ephedrine and gave 37% ee in a PTC 
GENERAL INDUSTRIAL APPLICATIONS Pharmaceutical
From its inception, PTC has been adopted by the pharmaceutical industry. This is certainly not unexpected considering the importance of improved synthetic methodology for the production of their high value products. This topic has been reviewed (ref.
122) with emphasis on Beecham's and Astra's processes for synthetic penicillins and for drugs derived by 0-and N-alkylation of various heterocycles. These remain as important commercial processes while additional PTC applications to drug production continue to be introduced. Table 5 lists some of these processes, most of which are related to well established PTC reactions. 
Pesticides
The production of synthetic organic pesticides is a multi-billion dollar industry in which PTC continues to make significant contributions.
The synthetic pyrethroids, including fenvalerate (11), cypermethrin (12) 
General
The maturation of PTC has led to an increase in industrially oriented applications in diverse areas, some quite unexpected. In this section we document a number of these.
One of the problems associated with the PT process is that a mole of salt is generated for each mole of product. This often leads to a costly waste disposal problem 
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THE FUTURE FOR PTC
In the past, each successful PTC application stimulated research which in turn led to additional applications and improved processes. There is every reason to believe that this trend will continue, at least for the near future. This growth is being further accelerated by the chemical industry's shift away from commodities, in which PTC has historically played a minor role, to the "specialties" for which PTC is particularly well adopted. Further, the inherent convenience of the PTC method has been made even more so; all the common and many of t1ie more esoteric catalysts are commercially available, the former in drum or carload quantities. The PTC literature has been organized, digested and alphabetically arranged in the numerous journal reviews, chapters and books.
It remains only for the chemist to adapt it toward the application of interest.
Bather than try to predict where future progress in PTC lies, we list those areas which are currently of potential commercial importance but are not yet economically viable. It is reasonable to expect future PTC research to concentrate on:
-iratrix supported catalysts with minimal diffusion limitations and maximal recyclability -PTC reactions not limited to batch but adaptable to continuous processes -high temperature and strong base stable catalysts -efficient processes for catalyst recovery and trace removal -new stereospecific reactions with high ee. -processes using organometallic catalysts. 
